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Abstract 
 
Additive manufacturing has emerged as an integral part of modern manufacturing because of its unique capabilities 
for rapid prototyping and the design flexibility. In order to take full advantage of additive manufacturing, Design for 
Additive Manufacturing (DfAM) has risen to provide design frameworks, methodologies, and a set of guidelines for 
effective product designs under additive manufacturing. However, the existing DfAM methods have limitations in 
that most methods rely on either too general or too specific design requirements and parameters for additive 
manufacturing; an effective design framework that can consider the capabilities and constraints of additive 
manufacturing at an early design stage is absent in literature. To tackle this issue, this study develops a design 
methodology that integrates axiomatic design theory and theory of inventive problem solving (TRIZ) with 
consideration of additive manufacturing environment. This integrated approach is effective because axiomatic design 
can be used to systemically define and analyze a design problem, while TRIZ can be used to generate innovative 
solutions for a design problem. A case study is presented to validate the proposed design framework. 
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1. Introduction 
With the capabilities of additive manufacturing, it is necessary to have practical design frameworks or methodologies 
that can enable designers to generate effective product designs for additive manufacturing [1, 2]. In this regard, the 
concept of Design for Additive Manufacturing (DfAM) has risen to provide a set of guidelines and tools that facilitate 
the consideration and evaluation of additive manufacturing during a product design process [1]. However, DfAM 
approaches in the literature have several issues that must be tackled to derive appropriate design solutions for additive 
manufacturing. First, they tend to rely on the direct application of existing design methods for conventional 
manufacturing without their appropriate translations for additive manufacturing; therefore, the process of additive 
manufacturing is often disregarded in the early design phase [2]. Also,  only few methods among the existing DfAM 
approaches systematically analyze design problems and generate creative solutions [3]. Furthermore, there is a lack 
of DfAM methods suitable for additive manufacturing novices. 
To tackle the above issues in DfAM, this study provides a design framework for additive manufacturing that integrates 
the axiomatic design theory and the theory of inventive problem solving (TRIZ). An axiomatic design approach 
systematically defines design problems by mapping associated functional requirements, design parameters, and 
process variables [4]. On the other hand, the inverse problem-solving approach in TRIZ derives design parameters 
that satisfy functional requirements [5]. Thus, the synergistic use of axiomatic design and TRIZ can be effective to 
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define design problems and to generate design solutions at the early design stage [6]. The proposed design framework 
based on the integration of axiomatic design and TRIZ uses a search system to link identified design parameters and 
their associated additive manufacturing capabilities collected in a database. In this way, the proposed framework 
enables designers to effectively derive product designs reflecting additive manufacturing capabilities in the early 
design phase. The proposed framework can be used to redesign existing products as well as to design new products.  
 
2. Literature review 
A summary of existing DfAM approaches is given in Table 1. Rodrigue et al. [5] proposed a design methodology for 
additive manufacturing, which begins with a part consolidation process followed by the optimization of the functions 
and characteristics of the part. Vayre et al. [7] proposed a design methodology for additive manufacturing to analyze 
and optimize geometrical parameters in product design. Bin Maidin et al. [8] developed an additive manufacturing 
design feature database to support new product development and to inspire designers during the conceptual design 
phase. Salonitis and Al Zarban [9] proposed a methodology to redesign existing components for additive 
manufacturing, which employs topological optimization to derive initial concepts and a multi-criteria decision analysis 
to evaluate design alternatives. Salonitis [2] developed a design framework using an axiomatic design approach but 
does not specify how the design parameters and process capabilities can be mapped systematically. Kamps et al. [10] 
developed a design methodology to generate biomimetic product designs for additive manufacturing, which 
incorporates TRIZ and a database search system to find biological analogies. As stated above, various studies have 
attempted to provide an enhanced design methodology to reflect the distinct properties of additive manufacturing. 
However, a design framework that systematically analyzes functional design requirements and maps these functional 
requirements to corresponding design parameters and additive manufacturing capabilities is absent in the literature. 
  
Table 1: Summary of existing DfAM approaches and main tools 
Publication 
Design approach 
Design problem analysis Idea generation  Detailed design 
Rodrigue et al. [5] Boothroyd-Dewhurst method TRIZ - 
Vayre at al. [7] - - Parametric optimization 
Maidin et al. [8] - Design feature database - 
Salonitis and Al Zarban [9] Specification analysis - Multi criteria decision  
Salonitis [2] Axiomatic design - - 
Kamps et al. [10] TRIZ Biomimicry-database - 
 
Research opportunities in DfAM to tackle the research gap can be found from axiomatic design and TRIZ. Axiomatic 
design theory forms a systematic  basis to solve design problems [11]. An axiomatic design approach is based on two 
axioms [4]: 1) the independence axiom, which necessitates the independence of functional requirements in a design 
problem, and 2) the information axiom for a design solution with minimum information content. Given the above two 
axioms, axiomatic design identifies functional requirements (i.e., customer needs) for product design, and these 
functional requirements (FRs) are mapped into design parameters (DPs) that could satisfy the FRs. DPs are then used 
to derive process variables (PVs) for manufacturing. TRIZ is a systematic approach to generate innovative design 
solutions through common principles observed in available patents and inventions [6, 12]. An inverse problem-solving 
method based on TRIZ [5] is used in this study to identify the design parameters corresponding to the functional 
requirements. The inverse formulation approach has three steps. First, the functional requirement of the part is 
formulated. Next, the functional requirement is inversely formulated, and its solution is obtained. Finally, the inverse 
solution is used to obtain specific solution for the initial design problem. 
 
Despite possible benefits that can be obtained from the integration of axiomatic design and TRIZ [6], to the best of 
our knowledge it has not been done for DfAM. A systemic approach to further find compatibility between design 
parameters and additive manufacturing capabilities has not been discussed in the extant literature. Paying attention to 
the research gaps and opportunities for DfAM, a systemic design framework to generate appropriate design solutions 
for additive manufacturing is proposed in Section 3. 
 
3. Methodology 
A design framework generally comprises of three design phases [13]: 1) conceptual design phase, 2) embodiment 
design phase, and 3) detailed design phase. In a conceptual design phase, basic solution principles for a design problem 
are identified to derive initial design concepts. Then, preliminary designs are created in an embodiment design phase 
by elaborating the solution principles on the initial design concepts. These preliminary designs are further refined in 
a detailed design phase to satisfy more detailed design parameters and requirements such as tolerance, loading 
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conditions, and process specifications. This study proposes a design framework for additive manufacturing based on 
the above general phases for a design framework (see Figure 1); a detailed description of the proposed design 
framework is given below.  
 
 
Figure 1: Main steps of a proposed design framework for DfAM 
 
3.1 Conceptual Design Phase 
This phase defines a design problem in an axiomatic design framework to decompose the design problem into a 
hierarchical design process of FRs, DPs, and PVs for additive manufacturing. Within the problem formulation, the 
inverse problem-solving method of TRIZ is used to derive the design parameters that can satisfy the FRs of the 
problem. Then, additive manufacturing capabilities, regarded as PVs for additive manufacturing herein, are identified 
by mapping design parameters identified from TRIZ onto additive manufacturing capabilities required for them. 
 
Additive manufacturing capabilities that can satisfy design parameter solutions from TRIZ are searched using an 
additive manufacturing database. For this study, a Microsoft Access based database is built to store general additive 
manufacturing capabilities commonly observed in additive manufacturing case studies in the literature. Each identified 
design parameter is entered as a keyword in the database, which in turn displays its relevant additive manufacturing 
capabilities. If the search yields more than one result, then the user is expected to select the most suitable capability 
for their design based on the description of the capability displayed from the database. An illustration of the database 
search system is shown in Figure 2.  
 
 
Figure 2: A database search system to find additive manufacturing capabilities for design parameters   
 
3.2 Embodiment Design Phase 
In this phase, preliminary designs are created by incorporating additive manufacturing capabilities identified in the 
previous phase. This phase reflects general design specifications required for identified additive manufacturing 
capabilities to elaborate initial design concepts. For example, the database-search result in Figure 2 shows “Part 
Consolidation” as an additive manufacturing capability required for a design problem. The database system shows 
detailed information regarding the consolidation process of components (see Figure 3c). Based on this information, 
the additive manufacturing capability is expected to be considered in the design problem.  
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3.3 Detailed Design Phase 
Preliminary designs from the previous phase are further refined through specific constraints and specifications of an 
additive manufacturing device to use (e.g., tolerances and layer thickness). Then, the refined designs are evaluated 
using a Finite Element Analysis (FEA) software to ensure durability.  
 
4. Results: A Case Study of Part Design for a Hydraulic Pump  
The proposed methodology is demonstrated using a case study of part design in this section. The part considered for 
the case study is a link-pin assembly in the control unit of a hydraulic pump (see Figure 3). This part is a legacy part 
and needs to be manufactured using a metal additive manufacturing technology. The part is required to have light 
weight, high strength, and high-quality surface. The part is made of low carbon steel (i.e., C-1008). The resultant 
redesign process of this particular part through the proposed design framework is described below.   
 
 
Figure 3: CAD design and a polymer 3D-printed model of the link-pin assembly in a hydraulic pump 
  
4.1 Conceptual Design Phase 
The main functional requirements of the part are: 1) improving the reliability of the assembly, 2) reducing the weight 
of the part without compromising its strength, and 3) creating a high-quality surface at certain portions. The process 
of mapping these functional requirements to corresponding design parameters, and to additive manufacturing process 
capabilities is explained below and summarized in Figure 4.  
 
 
Figure 4: Result summary of conceptual design phase 
 
• Functional requirement 1 (reliability improvement): Using the inverse formulation method of TRIZ, “how to 
decrease the reliability of part?” is derived as the inverse formulation of the functional requirement. The solution 
for the inverse formulation would be: “by increasing the number of welded parts in the assembly”. As shown in 
Figure 3, the assembly part can fail if one of the three pins welded to the link body is defective. Hence, the solution 
for the functional requirement would be:” to decrease the number of welded parts or decrease the number of parts 
altogether”, and “number of parts” becomes the design parameter related to this solution. The database search 
system for additive manufacturing is used to identify an additive manufacturing capability directly related to this 
functional requirement and design parameter. The additive manufacturing capability identified from the system is 
“part consolidation” in Figure 2.  
 
• Functional requirement 2 (weight reduction): “how to increase the weight of the object” is derived as the inverse 
formulation of this functional requirement, and its solution is “by increasing the quantity of material or by 
increasing density of the material.” Hence, the solution for the functional requirement would be: “decrease the 
quantity of material or decrease the density of the material” and the related design parameter becomes “material 
removal.” A database search for the design parameter is performed, and three additive manufacturing capabilities 
(i.e., topological optimization, lattice structure, composite materials) are identified. For this case study, “topology 
optimization” is selected since both the lattice structure and composite material cannot support the link-pin assembly 
due to the very low thickness and the metal requirement of the part (see Figure 5).  
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Figure 5: Derivation of an additive manufacturing capability for material removal  
  
• Functional requirement 3 (high quality surfacing): The corresponding design parameter is surface roughness. A 
database search for surface roughness shows that there is no additive manufacturing capability directly applicable 
to the design parameter. However, surface finish can be affected by certain process parameters such as build 
direction and layer thickness. This functional requirement is separately considered in the detailed design phase.  
 
4.2 Embodiment Design Phase 
Based on the identified additive manufacturing capabilities, the preliminary design in Figure 6d is created by applying 
these capabilities to the initial part design in consecutive order. First, the part consolidated CAD design shown in 
Figure 6a is created by following the guidelines in the database search system. Next, the unstressed regions of the 
consolidated part design are found through the finite element analysis on the initial design (see Figure 6b). Then, the 
shape of the part is optimized through the topology optimization process by which excessive materials from the part 
design is removed (See Figure 6c). Finally, the preliminary design of Figure 6d is derived by material removal on the 
unstressed regions. 
 
 
Figure 6: Preliminary part design derived in embodiment design phase 
 
4.3 Detailed Design Phase 
The preliminary part design is refined by considering the process constraints and specifications of tolerance, minimum 
feasible feature size, and support structure (See Figure 7a). Fillets are added to the edges to avoid stress concentration. 
The design is analyzed using a Finite Element Analysis (FEA) software to test the loading conditions (See Figure 7b).    
 
Figure 7: Final part design derived in detailed design phase 
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 Table 2 shows changes in design properties between the original part and the redesigned part. The redesigned part is 
more reliable since it does not have any welded parts; thus, the chance of a failure due to an improper weld is 
eliminated in the redesigned part. Furthermore, there has been a reduction in the amount of material and the number 
of individual components. The weight of the redesigned part is lesser compared to the original part. The redesigned 
part satisfies all the functional requirements.  
 
Table 2: Comparison between original and redesigned parts 
Properties Original Design Redesign Change 
The number of components 
 
4 
 
1 -3 (75% reduction) 
The number of welds 4 0 -4 (100% reduction) 
Mass (mg) 34,117 30,504 -3,613 (11% reduction) 
 
5. Conclusions 
This study presents a design framework for additive manufacturing based on the synergetic use of the axiomatic design 
approach and TRIZ supported with an additive manufacturing database search system. This study aims to enable 
designers and engineers to appropriately reflect additive manufacturing capabilities into their design.  A redesign case 
study of a link- pin assembly is presented to demonstrate the methodology. The results show that the reliability and 
weight of the part are improved through the proposed design framework. This shows that the proposed design 
framework can be effectively used to transform original product designs for traditional manufacturing into new designs 
suitable for additive manufacturing. For future work, this study will be extended to additionally support a design 
decision process to consider various additive manufacturing conditions and design uncertainties.  
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